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REMOTE GEOCHEMICAL SENSING OF ASTEROIDS 
JAMES R .  ARNOLD 
1 The techniques of remote geochemical sensing are s u b s t a n t i a l l y  the  same f o r  any 
planetary body w i thou t  an atmosphere, o r  w i t h  an atmospheric column dens i t y  o f  l ess  than 
about g/cm2 surface.  Thus the paper by Haines s t  at. (1976) provides a proper and 
cu r ren t  techn ica l  basis f o r  t he  present subject .  A few new po in ts  w i l l  be noted below 
a f t e r  a quota t ion  o f  the  abs t rac t  from Haines e t  aZ. (1976). 
Two instruments, t he  gamna-ray spectrometer and the x-ray 
f luoresce~lce spectrometer, a re  uniquely su i ted  t o  the chem- 
i c a l  mapping o f  p lanetary  surfaces from o r b i t .  Through 
the1 r de tec t i on  o f  c h a r a c t e r i s t i c  1 i ne  spectra they measure 
the concentrat ions of  a s u i t e  of elements i t 1  each area over- 
flnwn. Mu1 t i - e l e a e n t  chemical maps der ived from these re-  
mote measurements are  used i n  the  const ruc t ion  o f  evo lu t i on -  
ary  models o f  p lanetary bodies and o f  the  s o l a r  system as a 
whole. The NaI(T1) qamna-ray spectrometer and a gas propor- 
t i o n a l  x-ray spectrometer were f lown over 20% o f  the l una r  
surface dur ing the Apo l lo  15 and 16 missions. These i n s t r u -  
ments measured chemical d i f f e rences  across the boundaries o f  
known luna r  provinces and revealed several new features o f  
1 unar-surface composit ion. Advanced spectrometers which are  
under development f o r  f u t u r e  missions are  able t o  educe much 
more informat ion i n  a given t ime span than the Apo l lo  i n s t r u -  
ments. They may be used i n  poss ib le  fu ture  missions such as 
Lunar Po lar  Orb i te r ,  a Mars o r b i t e r ,  a Mercury o r b i t e r ,  ou ter  
p lanet  sate1 1 i t e  missions, rendezvous w i t h  as tero ids  avd 
cometary nuc le i ,  and surface-penetrat ing p lanetary  probes. 
I n  essence, using the gamna-ray and x-ray techniques together, a l l  major elements, the  
rad ioac t i ve  elements Th, U, and K, and c e r t a i n  t race  elements, espec ia l l y  H, can be ana- 
lyzed w i t h  good s e n s i t i v i t y  and redsonable accuracy. This i s  a s u f f i c i e n t  data s e t  f o r  
most (but  not  a l l )  i nves t i ga t i ons  i n  geochemistry and planetary evo lu t ion .  For as tero ids  
there are two poss ib le  mission modes. 
The l a r g e s t  ob jec ts ,  o f  diameter hundreds o f  k i lometers,  appear t o  be a t  l e a s t  
ra the r  c lose l y  spher ical .  The i r  g r a v i t a t i o n a l  acce lera t ion  i s  such t h a t  i n j e c t i o n  and 
maintenance i n  o r b i t  seems p rac t i cab le  ( t o  a chemist). I t  a l so  seems worthwhi le.  A l -  
though there  a re  as y e t  no p o s i t i v e  i nd i ca t i ons  o f  regional  d i f fe rences o f  composition, 
our kqowledge o f  the  Moon, and o f  t he  va r ia t i ons  i n  v i s i b l e  and I R  spectra among astero ids ,  
suggests t h a t  t h i s  i s  l i k e l y .  
The smal ler  as te ro i t s ,  below some s i z e  l i m i t ,  w i l l  n o t  be so easy t o  o r b i t .  Perhaps 
they w i l l  a l so  be more homogeneous i n  composition. However, i f  they are  fragments o f  
l a r g e r  bodies, they may a l l ow  us t o  sample a v e r t i c a l  p r o f i l e  o f  d i f f e r e n t i a t i o n .  This 
would be very e x c i t i n g .  Technical ly ,  the operat ions people w i l l  have t o  t e l l  us how t o  
"stat ion-keep" around di f fe,-ent  pa r t s  o f  the surface, t o  ge t  the  necessary geochemical and 
geophysical data. 
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The cu r ren t  experimental technique f o r  gamma-ray spectrometry fo l l ows  c l o s e l y  t h a t  
described i n  Haines et al. (1975). Abundances appropr ia te  t o  less  d i f f e r e n t i a t e d  bodies-- 
c lose r  t o  o r  i d e n t i c a l  w i t h  chondri t i c  patterns--would modify t h e i r  Table 1, which i s  
reproduced here, bu t  y i e l d  no surpr ises.  A t  greater  d istances from the Sun t h e  coo l ing  o f  
the Ge de tec to r  becomes easier .  The 51ie new development i s  the  demorstrat ion by Haines 
and Metzger (1978), using Apo l lo  gamma-ray data, t h a t  deconvolution o f  instrument area l  
response, t o  get  c lose r  t o  the t r u e  source nap, can be made p r a c t i c a l .  If t h i s  car. be 
done w i t h  these comparatively noisy, low-reso lu t ion  data, we should be ab le  t o  do much 
b e t t s r  i n  any f u t u r e  mission. Thus the l i m i t a t i o n  o f  areal  r e s o l u t i o n  t o  a value c lose 
t o  the a l t i t u d e  o f  the  spacecraf t  above the surface can be removed. R e s ~ l u t i o n s  as good 
as one- th i rd  o r  one- four th  o f  the  a l t i t u d e  ,nay be a t ta inab le ,  f o r  sharply con t ras t i ng  
chemical provinces. 
Table 1. Calculated Lunar S e n s i t i v i t y  L i m i t s  w i t h  
80-cm3 Germanium Detector a t  100- km A1 t i  tude* 
--- --- 
Observing Time Lunar S o i l  Types 
-- 
Element I hr 10 h r  100 h r  Highland KREEP Ma r e  
3uMDL 3uMDL 3cMDL (A-16) (A-14) (A-11) 
- 
Th PPm 0.52 0.17 0.052 2.11 14.0 2.1 
U opm 0.12 0.039 0.012 0.58 4.0 0.55 
K % 0.028 0.0087 0.0028 0.096 0.430 0.115 
Fe 7: 7.2 0.70 0.22 4.0 8.0 12.3 
T i  % 0.90 0.23 0.393 0.34 1 .O 4.6 
S i  ;t: 3.4 1.1 0.34 21.1 22.5 2C.C 
0 "N 6.5 2.1 0.65 45.0 44.2 41.6 
A1 ", 5.5 1.8 0.55 14.4 9.2 7.10 
Mg t: 3.0 0.35 0.30 3.3 5.60 4.60 
Ca "; 2 0 6.2 2.0 11.2 7.60 8.60 
c ,:; 5.4 1.7 0.54 - - - 
H x 0.75 0.24 0.075 0.001 5 a. on4 0. 007 
Na ;: 1 .O 0.32 0.10 0.350 0.470 0.32 
Nn 2 1.8 0.56 0.18 0.054 0.100 0.1: 
Ni % 1.2 0.38 0.12 0.045 0.040 0.024 
C r  :: 4.1 1.3 0.41 0.075 0.13 0.195 
i 1  s a 7.3 2.3 0.73 0.060 0.10 0.10 1 C: g 0.26 0.381 C.026 0.0012 0.010 0.003 
* ' 1  Lu ppm 11 3.5 1 .1  0.5 3.2 1.6 
: 1 ; Gd ppm 250 80 2 5 7 3 h  17 
I 1  
' I :  * H a i ~ e s  e t  a l .  (1976). I . 1  
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For x-ray spectrornl.l-1, p ropor t iona l  counters s t i l i  appear best, a l though the o the r  
detectors mentioned have not  been ru led out .  An improved so lar  moni tor ,  using a glass 
t e s t  panel o f  known composition, i nse r ted  p e r i b d i c a l i y  i n t o  the f i e ld -o f - v iew ,  ,hould 
mai-kedl y :mprove p rec i s ion  and case o f  i n t e r p r e t a t i o n .  The r e s o l u t i o n  element on the sur-  
face can be narrowed, a' I n  the Apo l le  experinents, by passive sh ie ld ing.  The lower f l ux  
o f  s o l a r  x-rays founl  i t 1  the as te ro id  b e l t  w i l l  slow up the gather ing o f  s t a t i s t i c s ,  but  
not  i n  a t roub lesor r~  way. 
, 
A c r i t i c a l  f a c t  about the  gamna-ray system i s  t h a t  i t s  sampling depth i s  or, the order  
of tens of grams per  cm2, o r  tens o f  cent imeters a t  low dens i ty .  I t  i s  i m ~ o r t a n t  t o  es- 
t ab l i sh ,  If possib le,  the mean th ickness o f  the  r e g o l i t h  on t a r g e t  ~ b j e c t s ,  and the f rac-  
t i o n  o f  "bare" area on t h i s  scale. There a re  p l a u s i b l e  arguments t h a t  the  smal le r  t a r g e t  
objects,  a t  l eas t ,  should have r e q o l i t h s  t h inne r  than tSlis, and perhaps considerable areds 
w i t h  no v l s i b l e  cover ing.  We c : ~ i n o t  y e t  he c e r t a i n ,  
I t  seems t o  be agreed a t  t h i s  meeting t h a t  m u l t i p l e - t a r g e t  wissicns a re  t o  be p r p  
ferred.  This i s  c e r t a i n l y  t r u e  fron, the  gecrchemical b o i n t  o f  view. I t  i s  a l s o  i m r ~ !  t a n t  
t h a t  o the r  obscrvat ions r e q u i r e  ( o r  p r e f e r )  subs tan t i a l  s tav  t imes a t  each ob jec t .  This 
IS important  fo r  g~mna-ray spectrometry--much l ess  so f o r  x-ray ana lys is .  
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ccuracy o f  the gamna-ray 
oxygen, the  dccuracy f o r  the nlements t ha t  a re  we l l  -determined i s  s e r t a i r , ; ~  on the 
order  o f  5% r n l a t i v e  o r  smewhs: ' . ! t t e r .  For astero 'ds t h d t  a re  i r r e g u l a r  i n  shape. 
the geometrical co r rec t i ons  a1 o i f f i c u l t .  so ;lacing every th ing  on an absolute basic 
may be a l i t t l e  t r i c k y .  But i f  ue normalize t o  a ~ : u j o r  element and n r t e  t h a t  every- 
can be uncer ta in  by la -15 '  i n  the best  medsurdments. : don ' t  know i f  they w i i l  be 
determined b e t t e r  than t h a t  by the t ime t h i s  mission f l i e s .  I n  the case o f  the Moon 
we hdve app l i ed  ground t r u t h  f ac to rs  i n  order  t o  ob ta in  more r e l i a b l e  a n a l y t i c a l  r e -  
su l  t s .  Why no t  use the Moon as gwund t r u t h  because we have flown the A ~ o l  l o  m i s s i c l ?  
You can do tha t .  bu t  ie used what i s  by present day standards a r; the r  i n f e r i o r  i n s t r u -  
ment, so t h a t  co r r c  . t i o n  might n o t  be good enou~h .  For sc18.e elements where you haste 
both :Ire x-ray and garma-ray methods. you call ronlpare one to  the o ther .  Were we lucky 
enough t o  ge t  a gamna-ray spectrum fmm o r b i t  and t o  have Jn dip,),. expe, inlent on the 1 1 
ground, such a comparison, I th ink ,  would be f r u i t f u l  f o r  both. So the quest ion o f  
no rn~a l i za t i o r l  does in t roduce some p o t e n t i a l  problems amng the major elements. Su. 1 
t h ink  these are the d i f f e r e n t  ways o f  a t t dck ing  ::. 
FANALE: The solar- induced x-ray f l u x  i s  lower i n  the a s t e r o i d  b e l t .  Does t h i s  cause 
problems f o r  the x-ray sys~em? b 
ARNOLD: The count ing 1 im i ta t i ons  o f  the x-ray system are  niuch less than those or . ,: \ - 
gamnd-ray system. Both call use a l l  the t ime we can ge;. I am t e r r i b l y  ! la+  1.' . . ~ . , c  
o p t i c a l  pesple say they w i r t  to  be around f o r  a long time, i o  take some 2 f  .:!I. r r c i -  
sure o f f  o r  JS.  TI,; u n i t  o f  x-ray data which was processed on the Moon i s  e ' .t 
8 o r  16 sec. Mu1 t i p l y  t h a t  by nine, t o  account f o r  the decrease ill s o l a r  f l u x  a t  
3 AU, and you s t i l l  have p len ty  of  t ime t o  c o l l e c t  the  des i red data. Having both  
gamna-ray and x-ray experiments i s  useful  f o r  cross-checking and f o r  improving the 
a e r i a l  reso lu t i on  by passive s l , ie ld ing o f  the x-ray detectors and f o r  the p o s s i b i l i t y  
of comparing the mean composit ion over a 30 cm depth, t o  t h a t  oker a f r a c t i o n  o f  a 
m i l l ime te r .  
FANALE: i fould you say something about carbon and hydrogen? 
ARNOLD: A very good po in t .  pecause people are  much more aware c f  the l una r  work we've 
done, the s e n s i t i v i t y  t o  carbon and hydrogen i s  perhaps n o t  we1 1 known. The sensi- 
t i v i  t y  t o  hydrogen i s  e n o m u s  f o r  gamna-ray techniques, e a s i l y  0.1Z. One sees hydro- 
gen i n  two ways, as a neutron capture l i n e ,  and i t  changes the neutron spectrum i n  ? 
rad i ca l  way. I f  you had 1% water o f  hydrat ion,  i f  you had a rock as wet as the t y p i -  
ca l  c rus ta l  basa l t  o r  g ran i te  on the Earth, then you would have q u a l i t a t i v e  changes 
i n  the r Lies and i n t e n s i t i e s  o f  c e r t a i n  l i nes .  This a l s o  extends the depth range. 
One i s  r e a l l y  look ing down d couple o f  meters, because the n e u t r m  economy i s  the 
th ing  t h a t  determines it. We a re  about as sens i t i ve  t o  carbon as we are t o  most 
o ther  elements. There i s  a 4.4 MeV l i n e .  I would say the s e n s i t i v i t y  i s  a percent 
o r  a ;raction o f  a percent. The amount o f  carbqn found i n  tne C: o r  C2 meteor i tes 
would be no problem. 
McCnRD: This i s  a case where two techniques, the o p t i c a l  and the h igher  energy techniques, 
complement eacn other.  Carbon and opaqucs, f o r  example, are mater ia ls  we have d i f f i -  
cu l  t y  d i s t i ngu ish ing  o?:ical l y .  Measuring them 1 i ke t h i s  we can very q u i c k l y  e l i m i -  
nate ambigui t ies.  
CHAPMAN: For the smal l r  ' rpegu lar  as tero ids  you are  l i m i t e d  i n  your  r e s o l u t i o n  to  some- 
th ing  l i k e  a ten th  -.ldius simply by the necessi ty o f  being f a r  enough away t h a t  
you are not  h i t  by a tlrs,ntain. That reso lu t i on  nevertheless seems good t o  me. 
ARNOLD: For a l a r g e r  ob jec t  1 i ke i e r e s  o r  Vesta, we would c e r t a i n l y  want t o  map from 
o r b i t .  That i s  the  way t c  get the u l t i n la te  a e r i a l  res l u t i o n  and t o  work together 
w i t h  the o ther  techniques. For t!.e smal ler  ones, if you are doing stat ion-keeoing,  I 
th ink  you would want t o  concentrate on p a r t i c u l a r  l n te res  t i n g  features. 
NIEHOFF: I would l i k e  t o  c o r m n t  t h a t  the way i n  which one generates coverage, even though 
you are o r b i t i n g ,  i s  not  i n  the t r a d i t i o n a l  sense you t h i n k  of f o r  LPO, f o r  example. 
The asteroids are spinning more r a p i d l y  than your o r b i t  per iod,  so yo11 e s s e n ~ i a l l . '  
peel them l i k e  an apple. The same .hing happens a t  a smal ler  ob jec t  the s t a t  
keeping mode. That i s .  the ob jec t  w ~ q ' t  hold s t i l l  f o r  you unles, you go i n t o  a 
syrchronous o r b i t  about i t  so you can do long dura t ion  observations of  spec i f i c  spots.  
